shown by NMR spectroscopy and high-performance liquid chromatography [8] . Microbial interaction in naphthaleneamended conditions between Pseudomonas sp. AS1 and Acinetobacter oleivorans DR1, a bacterial strain that cannot degrade naphthalene, was found to be mediated by salicylate, which was able to promote the growth of A. oleivorans DR1 (Fig. 1) [8] . The salicylate generated by Pseudomonas sp. AS1 during commensal metabolic interactions might be passively taken up by A. oleivorans DR1, where it functions as a growth-supporting factor by inducing salicylate hydroxylase [8] .
To obtain the detailed genetic information involved in naphthalene degradation, we sequenced the whole genome of Pseudomonas sp. AS1. Genomic DNA was extracted using (A) Growth support of naphthalene-degrading Pseudomonas sp. AS1 toward non-naphthalene-degrading A. oleivorans DR1. Cells were inoculated alone or mixed in minimal basal salts (MSB medium containing 0.5% naphthalene as the sole carbon source). Plating on MSB plate with selective substrates (2% glucose for Pseudomonas sp. AS1 and 2% paraffin for A. oleivorans DR1) was conducted to calculate the CFU. (B-L) Growth of Pseudomonas sp. AS1 with various aromatic hydrocarbons. Cells were grown at 30°C in MSB medium supplemented with various compounds and OD the Wizard Genomic DNA purification Kit (Promega, USA). Whole-genome sequencing was performed by the Pacific Biosciences RSII Single Molecule Real Time (SMRT) sequencing technology (Pacific Biosciences, USA) with a SMRTbell template library. A total of 184,024 reads with a mean read length of 8,088 bp were generated. The complete genome was assembled using the Hierarchical Genome Assembly Process ver. 3.0, and gene annotation was achieved by the NCBI Prokaryotic Genomes Automatic Annotation Pipeline.
The genomic features of Pseudomonas sp. AS1 are summarized in Table 1 , and consist of a single circular chromosome with a circular plasmid (Fig. 2) . The sizes of the chromosome and plasmid were 6,126,864 bp with a GC content of 58.9%, and 81,841 bp with a GC content of 56.2%, respectively. The Pseudomonas sp. AS1 chromosome contains 5,634 coding sequences (CDS), 66 tRNA genes, 22 rRNA genes, and 158 pseudogenes. There are 99 CDS in the plasmid region. The predicted genes were functionally characterized using Pfam [14] , Cluster of Orthologous Groups (COG) [15, 16] , and KEGG [17] databases; 82.47%, 70.08%, and 28.28% of the CDS were functionally assigned on the basis of Pfam, COG, and KEGG, respectively. A total of 5,735 CDS were classified using the COG database [15, 16] . The COG functional classification is shown in Fig. S1 . The most abundant group is involved in amino acid metabolism and transport (COG category E, 7.4%), followed by a group involved in transcription (COG category K, 6.9%). This pattern of COG classification was commonly found in soil or water-derived pollutant-degrading Pseudomonas strains having genomes approximately 6.1-6.3 Mbp in size (Fig. S2) . The clustered regularly interspaced short palindromic repeat (CRISPR) gene sequences were found using Integrated Microbial Genomes (IMG; https:// img.jgi.doe.gov/). CRISPRs are elaborate defense strategies against bacteriophage predation [18] . The genome of Pseudomonas sp. AS1 contained only one possible CRISPR consisting of 188 bp in size that possessed two spacers From the outside to the center: genes on the forward strand (colored by COG categories), genes on the reverse strand (colored by COG categories), RNA genes (tRNAs, green; rRNAs, red), GC content, and GC skew. without predicted cas gene (Tables 1 and S1 ). The 45 genomic islands were identified in the genome sequence of Pseudomonas sp. AS1 using the online integrated GI prediction tool (IslandViewer 4; http://www.pathogenomics. sfu.ca/islandviewer/). The GC contents of predicted GIs (44.4% to 62.6%) were quite different from that of the whole chromosome and plasmid of Pseudomonas sp. AS1 (58.9% and 56.2%, respectively) (Table S2 ). Predicted GIs were involved in transport, replication, and hydrocarbon degradation (Table S2 ). Many of the GIs carrying genes encoding mobile elements, such as integrases and transposases, provide evidence regarding the genomic plasticity of Pseudomonas sp. AS1 as a result of horizontal gene transfers and genetic rearrangements in the genome of Pseudomonas sp. AS1. The IMG database predicted 18 genes to be putative horizontally transferred genes in the genome sequence of Pseudomonas sp. AS1 (Table S3) . Most of the genes listed in Table S3 were possibly transferred from other proteobacteria. Pseudomonas sp. AS1 might acquire several genes from different donors and finally have the current set of genome contents appropriate for its habitat. Thus, the presence of CRISPR, the large number of genomic islands, and putative horizontally transferred genes in the genome of Pseudomonas sp. AS1 suggest that complex genetic rearrangements may have occurred as a consequence of adaptive evolution of this strain. The plasmid in Pseudomonas sp. AS1 (hereafter referred to as pAS1) contains the IncP-9 plasmid backbone, which has a region involved in plasmid transfer (tra, position 51908-57689), conjugation (mpf, position 60,813-71,545), plasmid partitioning (par, position 70,247-73,535), and plasmid replication including oriV (rep, position 73,536-75,269) (Fig. 3) . Interestingly, pAS1 exhibits striking similarities in size and sequence to the pDTG1 plasmid that carries naphthalene catabolic genes (nah) from Pseudomonas putida strain NCIB 9816-4 [9] . Five mismatch nucleotides in the nah upper pathway were identified as well as 1,201 bp in differences between pDTG1 and pAS1. Five missing nucleotides corresponding to positions 26,623, 55,994, 58,070, 60,906, and 62,294 of pDTG1 were identified in pAS1. The most distinct difference between the two plasmids was a 1,196 bp region absent in pAS1 corresponding to position 49,370-50,565 of pDTG1, which has an insertion sequence element (transposase) between nahT and nahG (encoding salicylate hydroxylase) consisting of the naphthalene catabolic pathway genes [9] . A set of genes involved in the degradation of naphthalene may have been inserted into each backbone of pDTG1 and pAS1 at different sites because plasmids have been found individually, indicating multiple independent acquisitions of the degradation trait and global distribution of the IncP-9 plasmid backbone in the environment.
Naphthalene degradation is organized into upper and lower pathways [3] . The upper pathway enzymes are involved in the conversion of naphthalene to salicylate. This pathway comprises 10 genes organized in the order nahAaAbAcAdBFCQED. The lower pathway enzymes are encoded by nahGTHINLOMKJY and are involved in the oxidation of salicylate to pyruvate and acetyl coenzyme A [3] . According to our genome sequencing and analysis, pAS1 has all 21 genes consisting of the upper and lower pathways as well as the nahR-encoding transcriptional regulator required for the induction of the nah genes (Fig. 3) . To determine the expression of genes involved in naphthalene degradation, we compared the mRNA expression levels of Pseudomonas sp. AS1 via quantitative reverse transcription-PCR (qRT-PCR) under two growth conditions: in the presence of naphthalene as a sole carbon source and under glucose-growing conditions. The qRT-PCR was conducted as described previously [19] . The cells were incubated until the exponential phase (OD 6 0 0 ~ 0.3), at which point the cells were collected for RNA isolation. Relative gene expression was calculated on the basis of cells grown in minimal salts basal (MSB) medium supplemented with 10 mM glucose. All of the tested nah genes showed more than a 2-fold expression change when Pseudomonas sp. AS1 was grown in the presence of naphthalene (Fig. 3B) . Naphthalene cannot be degraded through the gentisate pathway in Pseudomonas sp. AS1 because this strain cannot utilize gentisate as a carbon source (Fig. 1) owing to the absence of gentisate 1,2-dioxygenase as well as a lack of expression for hmgA encoding homogentisate 1,2-dioxygenase during naphthalene degradation (Fig. 3B) . Therefore, Pseudomonas sp. AS1 might have a naphthalene degradation pathway via salicylate as a central intermediate, which can be converted into acetyl coenzyme A and pyruvate.
The 16S rRNA sequence of Pseudomonas sp. AS1 has over 99% DNA identities with those of Pseudomonas frederiksbergensis strains. The average nucleotide identity analysis of strain AS1 with P. frederiksbergensis strains revealed a similarity index with P. frederiksbergensis ERDD5:01 (84.6%), P. frederiksbergensis BS3655 (97.3%), and P. frederiksbergensis SI8 (82.2%), suggesting Pseudomonas sp. AS1 is closely related to P. frederiksbergensis BS3655. P. frederiksbergensis strains are commonly capable of degrading aromatic compounds [7, 20, 21] . Pseudomonas sp. AS1 can grow in MSB medium supplemented with various aromatic compounds, including the aforementioned naphthalene as a sole carbon source, as well as catechol, benzene, sodium salicylate, salicylic acid, salicylaldehyde, benzoic acid, 3-hydroxylbenzoic acid, 4-hydroxylbenzoic acid, and 3,4-dihydroxylbenzoate (Fig. 1) . There was no growth in the presence of hexadecane and dodecane, which might be due to the absence of alkane monooxygenase required for alkane degradation. Further studies on alkane degradation by Pseudomonas sp. AS1 are necessary because alkane degradation generally depends on the chain length of alkanes and involvement of cytochrome P450s and hydroxylases with unknown function. Pseudomonas sp. AS1 has an abundance of genes encoding hydroxylases and related genes, including monooxygenase and dioxygenase, genes that might enable the high utilization of various aromatic compounds ( Table 2) . The Pseudomonas sp. AS1 genome revealed 34 dioxygenases, including benzoate dioxygenase (PFAS1_RS22900, PFAS1_RS22905, and PFAS1_RS22910), protocatechuate 3,4-dioxygenase (PFAS1_RS18060 and PFAS1_RS18065), and catechol 1,2-dioxgenase (PFAS1_RS22890). Three homologs of genes coding for taurine dioxygenases (PFAS1_RS09965, PFAS1_RS10310, and PFAS1_RS23020) and eight predicted monooxygenase genes are also present (Table 2 ). In addition, the genome encodes 87 putative hydrolases, more than 375 transferases, and 234 dehydrogenases, all of which have uncharacterized functions and belong to a number of different protein families. Related to the bioremediation process, the detected ssuFBCDAE operon (from PFAS1_RS12590 to PFAS1_RS12615) might allow for sustainable growth on aromatic and aliphatic sulfonates, and 14 glutathione S-transferases may be involved in detoxification processes. In addition, PAHs or toxic metabolic intermediates can generate reactive oxygen species (ROS) under the biodegradation processes [2, 7, 10] . The genome of Pseudomonas sp. AS1 contains two oxidative stress response regulators, SoxR and OxyR (encoded by PFAS1_RS02805 and PFAS1_RS11840, respectively) to protect against and relieve ROS-derived oxidative stress through the regulation of the genes. P. frederiksbergensis strains have been isolated from various environmental conditions, and all genome-sequenced strains showed (Table 3) . Bacterial cells can obtain exogenous genes via horizontal gene transfer, which is indispensable for survival and adaptation to harsh environmental conditions [22] [23] [24] . We expect that Pseudomonas sp. AS1 acquired its plasmid for this reason during adaptation to contaminated soil. To explore the genetic evolution among P. frederiksbergensis strains, it will be necessary to perform comparative genomics. In that respect, the complete genome sequence of Pseudomonas sp. AS1 will provide clues for the early stages of genetic research on P. frederiksbergensis species.
Nucleotide Sequence Accession Number
The complete genome sequence of Pseudomonas sp. AS1 has been deposited in NCBI under the GenBank accession numbers CP018319 (chromosome) and CP018320 (plasmid). 
